An electron-diffraction study of the heating of straight-chain organic films and its application to lubrication
Thin films of normal paraffins, fatty acids and esters have been examined by electron diffrac tion during heating upon a variety of metal surfaces. In all cases the films lost their orderly condensed structure at a comparatively low temperature, leaving expanded films of individual molecules.
The disorientation temperatures observed depended upon the chemical composition and thickness of the films, and upon the substrate metal. Evidence has been obtained of the formation of metallic soaps when fatty acid films are deposited upon reactive surfaces such as copper, cadmium and mild steel. Close agreement has been found between disorientation temperatures and the temperatures of friction discontinuities measured by other workers using Bowden-Leben type friction apparatus.
I n t r o d u c t io n
In work described in a previous paper (Brummage 1947) , electron-diffraction technique was used to investigate the effect of heat upon thin films of normal paraffins deposited on stainless steel and copper. As a result, it was postulated th at at com paratively low temperatures the paraffin films lost their orderly structure, or, to use the terms applied to monolayers upon water, they changed from a condensed to an expanded state.
Similar studies have now been made of films of normal paraffins, fatty acids and esters upon polished surfaces of aluminium, cadmium, copper, nickel, silver, mild steel and stainless steel.
I t was felt that the results of these experiments should bear some relationship to the frictional behaviour of the same lubricant-metal combinations, and a com parison has therefore been made between the electron-diffraction measurements and friction data obtained by various workers using Bowden-Leben type apparatus.
A p p a r a t u s
The electron-diffraction camera and the heated reflexion fittings were the same as those used in the earlier work on normal paraffins.
M a t e r ia l s a n d s p e c im e n p r e p a r a t io n
The metals employed as substrates were of at least 99 % purity, except in the cases of mild and stainless steel. The substances deposited upon them were mostly synthesized in the laboratories of the Anglo-Iranian Oil Company at Sunbury-onThames, and special care was taken to ensure that they were of high purity. They are listed in table 1 together with their melting-points, as measured at Sunbury.
The substrate surfaces were metallographically polished, and fdms for reflexion purposes were formed on them either by the Langmuir-Blodgett method, using monolayers deposited on water, or by direct deposition upon the metal from isohexane, as previously described (Brummage 1947) . No differences were observed in the disorientation temperatures of similar specimens prepared by the two techniques. The second method was used to much the greater extent, owing to its simplicity and speed. 
E x p e r i m e n t a l r e s u l t s
The substances chiefly studied were normal tetratriacontane, stearic acid, methyl stearate and ethyl stearate. Films of these materials all gave diffraction patterns of the layer-line type, indicating the presence of crystals orientated so that the long axes of the molecules were normal to the surface. When such a film was heated, the bright parts of the pattern gradually became diffuse, and eventually disappeared, leaving an apparently blank screen. On allowing the specimen to cool, the diffraction pattern returned, showing that the change was due simply to disorientation, and not to volatilization.
The disorientation temperatures are plotted in figures 1 to 7 as functions of film thickness, in numbers of monolayers, for each compound upon each substrate. In all cases the curves have the same shape; the disorientation temperature was lowest for the monolayer and increased with thickness to a steady value which remained constant for films up to 100 molecular layers in thickness.
Disorientation was always well defined using tetratriacontane, but with the more diffuse patterns from stearic acid and the stearates disorientation was more difficult to detect, especially in thin films. The data given include all the readings obtained, the error in general being about ± 2° C. However, with some thinner stearic acid and stearate films the error is probably + 5° C, or even more. Some of the curves are absent or incomplete because the patterns were in those cases too faint and diffuse to allow a fade point to be distinguished.
Co r r e l a t io n o f r e s u l t s w it h f r ic t io n d a t a
In order to study the role of the disorientation temperature in lubrication, measurements are required of the coefficient of friction between sliding lubricated surfaces as a function of temperature. A considerable amount of such data has been published in recent years as a result of work with friction apparatus of the type S T E A R IC ACID ( m .R » 7 2 *ê t h y l " s t e a r a t e ( m p . » s s *c ) 3 T E > <RIC AClD (M P. * 72*0
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F igure 5. D isorientation points of films on silver. 
F igure 7. D isorientation points of films on stainless steel.
described by Bowden & Leben (1939) . This apparatus is particularly suitable because the sliding speed is very low, so that frictional heating is small, and the measured temperature of the sliding members approximates closely to the actual general surface temperature, which is th at determining the type of lubricant film. High temperatures occur at points of metallic contact where the film has broken down, but the number and frequency of such contacts is a minimum at low speeds. The deflexion of the slider in the Bowden-Leben apparatus is a measure of the coefficient of friction. W ith some lubricants this deflexion is steady, but with others the slider reaches a maximum deflexion and then slips back. The process is repeated indefinitely, giving rise to the phenomenon known as 'stick-slip'. For experiments upon the effect of heat on the coefficient of friction measured by this type of apparatus, the flat moving plate is electrically heated and its temperature measured by a thermocouple. I t is found th at as the temperature goes up the type of sliding changes from smooth to stick-slip at a definite temperature, known generally as the transi tion temperature, and that this change is reversed when the surfaces cool below the transition point. In addition, a discontinuity is often observed in the smooth friction operative at lower temperatures, at which the friction suddenly increases, and this change is also reversible on cooling. I t is generally assumed th at the transition point corresponds to the desorption of the lubricant film, and Frewing (1943) has suggested that the lower temperature discontinuity is due to expansion of the lubricant film. If this is so, then this discontinuity should correlate with the disorientation points shown in figures 1 to 7.
Frictional data have been collected from the papers and reports of Frewing (1943), Hughes & Whittingham (1942) , Greenhill (1945) , Greenhill & Gregory (1945) and Ballantyne (1945) . Only experiments where both sliding surfaces were of the same material have been considered; data for mild steel and stainless steel in the presence of stearic acid have been omitted because of the wide discrepancies between different workers. For example, Hughes & Whittingham give the transition point for a thick film of stearic acid on stainless steel as 98° C, while Greenhill & Gregory give 200° C. These discrepancies may be due to the fact that the substrate metals are not pure materials.
The collected data relevant to the present experiments from the above papers are given in table 2, together with the disorientation points of the films, as obtained from the curves of figures 1 to 7. The number of molecular layers given is the total number deposited between the surfaces.
The bracketed figures give the sources of the friction observations, and the papers to which they refer are fisted at the foot of the table.
I t is apparent from table 2 that the disorientation temperatures measured by electron diffraction correspond with the discontinuity in smooth friction observed on the Bowden-Leben type of apparatus; this confirms Frewing's (1943) suggestion th at this change of friction is due to a change of lubricant film structure from a condensed to an expanded state.
Where no figures are given in table 2 for the smooth friction discontinuity tem perature, no data were available in the literature. In some cases this was probably because the change in friction was too small to be recorded. In others, notably stearic acid on nickel and silver, transition occurred approximately at the meltingpoint, while disorientation was not observed until a considerably higher temperature was reached. No smooth friction discontinuity could therefore be expected. The significance of these high disorientation temperatures is considered in the following discussion. 
D i s c u s s i o n o f r e s u l t s
Whilst the previous section has established a connexion between electron-dif fraction and friction measurements, it has thrown little light upon the factors determining the d isorientation temperatures observed, nor upon their dependence on film thickness. Table 3 summarizes the general position by giving the disorientation points of thick films on each metal, the bulk melting-points of the film constituents, and those of the stearates of the substrate metals, where these are known. At the disorientation temperature the surface structure changes, in general, from crystals to individual molecules, the surface behaviour of which will depend upon their constitution. Hence, disorientation temperatures should be connected with melting-points, any differences being due to surface influence. Figure 8 shows typical graphs of ( TD -TM) plotted ag atoms in the molecule, TM being the melting-point and TD the disorientation tem perature of a thick film. The materials used to obtain the points shown were those given in table 1; the data employed in drawing the graphs are shown in table 4. F igure 8. Graphs of (TD -TM) as functions of chain length. The surfaces studied could be divided into three groups depending upon the values of ( Td -Tm) for films deposited on them. The first group comprised stainless steel
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and aluminium, and was characterized by the fact th at points due to fatty acids and paraffins lay on the same curve (see figure 8 (a) ), whilst esters with sh o rt£ alcohol ' chains lay on a second line tending to the paraffin-acid line as the ' alcohol ' chain increased in length (vide cetyl palmitate, with 32 carbon atoms).
The second group consisted of copper, cadmium and mild steel, and the ( -TM) curves for copper are given in figure 8 (6). They are generally similar to figure 8 (a) except th at the fatty acid points form a separate curve with (TD -TM) equal to about 35, that is, the fatty acid disorientation temperatures are about 35° C above their melting-points on these metals.
The remaining metals examined, namely, nickel and silver, gave (TD-TM) curves of the type shown in figure 8 (c) , with the fatty acid points lying on the curve previously occupied only by ester points. I t will be noticed in figure 8 th at normal paraffin and ester results vary little from one surface to another, the grouping being entirely due to differences in fatty acid behaviour. I t is known that fatty acids form soaps upon suitable surfaces, with melting-points much higher than the free acids, and Bowden, Gregory & Tabor ( 1945) giye the order of decreasing tendency to form soaps as: zinc, cadmium, copper, magnesium, iron, chromium, platinum, nickel, aluminium, silver.
They observed negligible reaction with lauric acid for platinum and the metals following it. Comparison of this list with the groups into which the metals examined have been divided makes it clear that the high disorientation temperatures on copper, cadmium and mild steel were due to soap formation. The melting-point of the copper soap is 115 to 120° C, so that the disorientation temperature of the stearate film lies below its melting-point; the behaviour of soap films is therefore similar to th a t of paraffin films. Hence, the surfaces may be divided into two general groups, namely, In the first group, fatty acids or soaps exhibit similar disorientation behaviour to paraffins, and in the second they are similar to esters.
It is evident th at disorientation is related to melting, and also that different metals influence the disorientation temperature by altering this relationship. The reason for the different behaviours of paraffin and ester crystals is not known, nor is the reason why fatty acids sometimes resemble esters and sometimes paraffins. I t may be th at the carboxyl groups are adjacent to the surface in the former case, and the ends of the long paraffinic chains in the other.
Two types of bonding can b^ visualized between organic molecules and solid surfaces:
(1) Simple cohesive or adsorptive forces such as those nortnally operative between molecules in a solid. 
Attachment of a chemical nature, which should be possible when the molecules contain carboxyl groups, the carboxyl groups then being adjacent to the surface.
Both these types of attachm ent are possible in dealing with individual molecules, th a t is, in expanded films, but when the molecules are grouped into crystals the bonding is in all probability cohesive, except, possibly, with fatty acids. In the case of acids, the carboxyl group is at one end of the molecule in the crystal, and can therefore lie adjacent to the surface, whereas in ester crystals it lies between the 'acid' and 'alcohol' chains, which are believed to be in line. These chains must therefore prevent any contact between the carboxyl group and the surface.
Consideration of the ( TD -TM) curves has shown that the behavio films is not radically different from th at of ester or paraffin films; hence, as with the latter materials, it is probable th at the fatty acid crystals are cohesively attached to the substrate in a surface film.
Several conclusions worthy of note may be deduced from table 2:
(1) In most cases the transition temperature at which smooth sliding gives way to stick-slip motion in the Bowden-Leben apparatus is considerably above the dis orientation temperature, indicating th at adsorption of the individual molecules to the surface does occur above the disorientation point.
(2) With normal paraffins, the attachment of the molecules to the surface must be cohesive. The films of these materials become expanded near the melting-point and transition occurs at the melting-point.
(3) If transition at the melting-point is accepted as a criterion of a cohesively held expanded film, it follows that where the transition temperatures lie above both disorientation temperatures and melting-points, the expanded films are chemically adsorbed.
(4) In a few cases, notably stearic acid on nickel and silver, transition occurs at the melting-point, while disorientation is not observed until a higher tempera ture is reached. It is most probable that the adsorption is cohesive in nature and apparently sufficient to maintain a condensed film in the electron diffraction camera. It breaks down, however, under shear.
The reason for the dependence of disorientation temperature upon film thickness is not clear. The existence of the effect is confirmed by the excellent agreement in table 2 between friction discontinuities and disorientation points in very thin films. The same factors must be operative as in thick films, with the additional complication of changes in physical properties of crystals when only a few molecules thick. S u m m a r y 1. I t has been demonstrated that disorientation at a characteristic temperature is quite general in thin films of normal paraffins, fatty acids and esters deposited on metals.
2. The results show that the disorientation temperature is invariably lowest for a monolayer quantity deposited on a given surface and increases with thickness to a steady characteristic value, which may be above or below the melting-point of the material constituting the film.
3. The high disorientation temperatures of fatty acids deposited on cadmium, copper and mild steel are due to the formation of soap films.
4. The difference between the thick-film disorientation temperature and the melting-point of a given substance depends on its molecular weight and upon its nature, th at is, whether it is a paraffin, a fatty acid, or an ester.
5. The metals studied may be divided into two groups, depending upon the thick film disorientation temperatures of fatty acids (or their soaps) deposited upon them. In the first, comprising aluminium, cadmium, copper, mild steel and stainless steel, the fatty acids or soaps become disorientated in thick films at temperatures below their melting-points, like the paraffins. Upon nickel and silver, however, their disorientation temperatures are above their melting-points, as with esters.
6. The measured disorientation temperatures correlate well with the discon tinuity in smooth friction often observed in Bowden-Leben friction apparatus. I t is thus confirmed that this discontinuity corresponds to the change of the lubricant film structure from a condensed to an expanded state.
7. The reasons for the dependence of disorientation temperature upon film thickness, and of thick-film disorientation temperature upon film constitution and substrate metal are unknown.
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